We study the thermodynamics and kinetics of folding for a small peptide.
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were taken into account. [11] [12] [13] [14] One example is our previous work on the pentapeptide Metenkephalin for which we found indeed a funnel-like structure of the free energy landscape and were able to determine its characteristic temperatures of folding. 13, 14 In this paper we complement the the above research on the thermodynamic of Met-enkephalin by investigating in addition its kinetics of foldings.
The linear peptide Met-enkephalin has the amino-acid sequence Tyr-Gly-Gly-Phe-Met, and at low temperatures one finds for this peptide two major groups of well-defined compact structures which are characterized (and stabilized) by specific hydrogen bonding patterns.
Structure A is the ground-state conformation in ECEEP/2 and has a Type II' β-turn between the second and last residue, stabilized by two possible hydrogen bonds. The structure B, the second-lowest energy state, is characterized by hydrogen bond between Tyr-1 and
Phe-4 resulting in a Type-II β-turn between the first and fourth residue. The overlap of a given configuration with the ground state (structure A) and the second-lowest-energy state (structure B), respectively, allows to distinguish between the various low-energy conformations and defines in a natural way two order parameters for our system.
Simulation of realistic protein models where the interaction between all atoms are taken into account are extremely difficult. Because of the rough energy landscape, simulations based on canonical Monte Carlo or molecular dynamics techniques will get trapped at low temperatures in one of the multitude of local minima separated by high energy barriers.
One possibility to overcome these difficulties are generalized-ensemble techniques. 15, 16 Their usefulness for calculation of thermodynamic averages was extensively tested and demonstrated in protein simulations. [17] [18] [19] For a recent review see, for instance, Ref. 16 . We have used one of these techniques, described first in Ref. 20 , to study the thermodynamics of folding of Met-enkephalin, 14 and utilize it here again to calculate the free energy landscape of the peptide as a function of our two order parameters. However, it is a characteristic of all generalized ensemble algorithms that they do not allow to study the kinetic aspects of folding. This is because the dynamics of these algorithms are artificial ones. While constructed in such a way that the correct distribution of states at a certain temperature can be recovered (and therefore thermodynamic averages calculated), the time evolution of the system will be different from the one observed in a molecular dynamic simulation at that specific temperature. For this reason, generalized-ensemble algorithms are not suitable for a direct investigation of the kinetics of folding and we had to fall back on canonical Monte
Carlo simulations. However, a careful analysis of the free energy landscape of the peptide, as obtained by our generalized-ensemble method, allows to extract indirect information on the kinetic of folding which can then be compared with the outcome of the canonical simulations. Actually, only by using the results of of the generalized-ensemble simulations we were able to find the relevant temperatures on which such research of the kinetics should focus and where at the same time canonical investigations are still feasible. In that sense, our two simulation techniques are complementary.
Our investigation of Met-enkephalin is based on a detailed, all-atom representation of that peptide. The interaction between the atoms is described by a standard force field, ECEPP/2, 21 (as implemented in the KONF90 program 22 ) and is given by:
Here, r ij (inÅ) is the distance between the atoms i and j, and χ l is the l-th torsion angle.
We further fix the peptide bond angles ω to their common value 180
• , which leaves us with 19 torsion angles (φ, ψ, and χ) as independent degrees of freedom (i.e., n F = 19). In our simulations we did not explicitly include the interaction of the peptide with the solvent and set the dielectric constant ǫ equal to 2.
Our simulations were started from completely random initial conformations (Hot Start) and one Monte Carlo sweep updates every torsion angle of the peptide once. In our generalized-ensemble algorithm, configurations are updated according to the following probability weight:
where E 0 is an estimator for the ground-state energy, n F is the number of degrees of freedom of the system, and β = 1/k B T is the inverse temperature (k B is the Boltzmann constant and T the temperature of the system). A simulation with such a weight samples a large range of energies, since high energies are suppressed only by a power law. Hence, the thermodynamic average of any physical quantity A can be calculated over a wide temperature range by
where x stands for configurations. It is known from our previous work that the ground-state conformation for Met-enkephalin has the KONF90 energy value E GS = −12.2 kcal/mol.
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We therefore set E 0 = −12.2 kcal/mol, T = 50 K (or, β = 10.1 [
]) and n F = 19 in our probability weight factor in Eq. (6). All thermodynamic quantities were then calculated from a single production run of 1,000,000 MC sweeps which followed 10,000 sweeps for thermalization. At the end of every fourth sweep we stored the energies of the conformation, the corresponding (solvent excluded) volume (inÅ 3 ) which is calculated by the double cubic lattice method, 25 and our two "order parameters" (the overlap O A of the conformation with the (known) ground state (structure A) and the overlap O B of the conformation with conformer B). The overlap was defined by
where α 
Using the results of our generalized-ensemble simulation, we explored for various temperatures the free energies We also stopped the MC run if no ground state was sampled after 200,000 MC sweeps, i.e. t last = 200, 000 indicates that the ground state was not found in that specific run. The frequency n f with which the ground state (conformer A) was sampled in all 100 canonical runs and the average minimal folding time t f defined by
are other quantities which we recorded for each temperature. Note that t f is only a lower bound for the folding time since we stopped our runs after 200,000 sweeps if no ground state was found in a MC run. For each temperature, we also measured the frequency of unfolded states P uf (t) as a function of time (in Monte Carlo sweeps). This quantity is defined by
with
In addition to the above quantities we finally measured the frequency n Table 1 .
For each temperature, we allowed at least 10 of the 100 canonical runs to finish the whole 200,000 sweeps independently on whether the ground state was found or not. For these 10 runs we stored the "time series" of conformations for a more detailed analysis. This allowed us to calculate the escape (or "life") time τ es for conformer A and conformer B. For this we recorded the frequency n A es (t) (n B es (t)) with which the simulations remained in state A (B)
for t MC sweeps. For three out of our four temperatures these frequencies could be fitted by a single exponential fit
and the resulting escape times τ es are listed in Table 2 .
We start our analyses with the results of our generalized-ensemble simulation. In earlier work we could determine the collapse temperature T θ = 295 ± 30 K and the folding temperature T f = 230 ± 30 K. 13 While these two characteristic temperature are important to understand the mechanism of folding of Met-enkephalin, the essence of the funnel landscape idea is competition between the tendency towards the folded state and trapping due to ruggedness of the landscape. One way to measure this competition is by the ratio:
where the bar denotes averaging over compact configurations. The landscape theory asserts that good folding protein sequences are characterized by large values of Z. 26 Using the results of our previous simulations and defining a compact structure as one where
we find E − E 0 = 40.7(1.0) Kcal/mol, E 2 −Ē 2 = 15.7(2.0) (Kcal/mol) 2 , from which we estimate for the above ratio Z = 10.3(1.1). This value indicates that Met-enkephalin is a good folder.
Another way of characterizing the competition between tendency towards the folded state and roughness of the energy landscape relies on knowledge of the glass temperature T g . It is expected that for a good folder the glass transition temperature, T g , where glass behavior sets in, has to be significantly lower than the folding temperature T f , i.e. a good folder can be characterized by the relation
We can calculate a crude estimate of the glass transition temperature by using the
where the bar indicates again averaging over compact structures and S 0 is the entropy of these states estimated by the relation
Here, C is chosen such that the entropy of the ground state becomes zero. The results of our simulation leads to a value of s 0 = 55(4). Together with the above quoted value for E 2 −Ē 2 = 15.7(2.0) (in (Kcal/mol) 2 one finds as an estimate for the glass transition temperature
This result is in good agreement with a recent estimate T g = 180 ± 30 K for that peptide determined from the change in the fractal dimension of the free energy landscape with temperature. 28 Since it was stated in earlier work 13 that T f = 230(30) K, it is obvious that the ratio T f /T g > 1, and again one finds that Met-enkephalin has good folding properties.
We remark that our results are consistent with an alternative characterization of folding properties by Thirumalai and collaborators 29, 30 as was pointed out in detail in Ref.
13.
An advantage of the generalized-ensemble approach is that it allows us to observe directly the folding funnel of Met-enkephalin. Our results are compared with that of the canonical runs. In Fig. 1 we show the free energy landscape as a function of both the overlap O A with the ground state and the overlap O B with structure B in the high-temperature situation (at T = 1000 K). The free energy has its minimum at small values of the overlap indicating that both conformers appear with only very small frequency at high temperature. We have superimposed on the free-energy landscape, as calculated from the generalized-ensemble simulation, the folding trajectory of a canonical Monte Carlo simulation (marked by dots)
at the same temperature. However, we did not connect the dots, for otherwise the plot would become unreadable. It is obvious that the concentration of the dots marks the time the simulation spent in a certain region of the landscape. We see that this time is strongly correlated with the free-energy as calculated from the generalized-ensemble simulation. For instance, we have no dots for O A ≈ 1 (i.e. the ground state region), a region of the energy landscape suppressed by many k B T . Actually, the folded state was found even at this high temperature, in 47 of the 100 canonical runs within the available 200,00 sweeps. However, the ground state is not stable at this high temperature. We found that the average escape time out of this state was about τ es = 9 MC sweeps, which one has to compare with an average minimal folding time of t f = 145, 599 MC sweeps. Hence, the probability to find folded states at such a high temperature in canonical simulations is negligible. This results is consistent with the displayed free energy landscape calculated from generalized-ensemble simulation.
At T = 300K, which is essentially the collapse temperature T θ = 295 ± 30 K of Ref. 13 , a large part of the space of possible configurations lies within the 2k B T contour as is clear from Fig. 2 . Correspondingly, the dots, which mark the folding trajectory of a canonical simulation at this temperature, are equally distributed over the whole plot. We remark that at this temperature the folded conformation was found in all of the 100 canonical simulations. to the increases probability of the folded state in the free energy plot for this temperature.
Finally, Fig. 4 shows the situation for T = 150 K where we expect onset of glassy behavior. Again one sees a funnel-like bias toward the ground state, however, the funnel is no longer smooth and the free energy landscape is rugged. Free energy barriers of many This demonstrates that with increasing glassiness of the system, it becomes more and more difficult to escape the now much longer living traps.
To further understand the folding kinetics we studied the time evolution of the fraction of unfolded states P uf (t) (as defined in Eq. 12) versus time (in MC sweeps) for the four chosen temperatures. These fractions were calculated from the time series of the 100 canonical Monte Carlo simulations of up to 200,000 sweeps for each of the four temperatures. Fig. 5 displays this quantity as a function of Monte Carlo time on a log-log scale. It is obvious that the time evolution of that quantity cannot be described by a power law (which would imply a straight line in the plot) indicating that the folding has to be described by a combination of exponentials or, numerically simpler, a stretched exponential. Indeed we found that for our two highest temperatures, the observed curves can be described by a single exponential fit
while for the folding temperature T f = 230K and our lowest temperature T = 150 K, which is below the glass temperature, we needed stretched exponential fit:
to describe our data. The lines in Fig. 5 mark the fits through our data and we see that the chosen functional forms describe well our data. Table 3 lists the coefficients of the chosen fits. It is obvious from these kinetic data that above the folding temperature no long living traps exist. This is in agreement with the smoothness of the energy landscape which we observe in Fig. 1 and 2 . As the temperature is lowered, around at temperature T f ≈ 230 K, non-exponential behavior started to be observed. In the beginning this mechanism can be described by a few exponentials indicating that only small number of traps start to play a role. For instance, at the folding temperature T f = 230 K, the kinetics could also be fitted well with a two exponential form (fit not shown). This is consistent with Fig. 3 where we observe indeed only few local traps in the free energy landscape. However, as the temperature gets lower and lower, the number of traps substantially increases and glassy-like dynamics is observed. Fig. 4 shows that the many local minima separated by free energy barriers of many k B T . As a result, the residence time in some local traps becomes of the order of the folding event. Folding dynamics is now non-exponential (since different traps have different escape times 27 ). In this regime stretched exponentials are much more appropriate. Such a behavior was predicted from studies of minimal protein models and is now verified by us for a realistic protein model.
To summarize, we have studied the thermodynamics and kinetics of the peptide Metenkephalin, using a combination of generalized-ensemble techniques and canonical Monte
Carlo. Generalized-ensemble techniques introduce an artificial dynamics and therefore do not allow to study directly the the kinetics of proteins. However, these sophisticated techniques enable reconstruction of the free-energy landscape of a protein. We have shown that a careful analyses of these landscapes leads to indirect information on the folding kinetics.
For this purpose, we compared our generalized-ensemble results with dynamical Monte Carlo simulations at appropriate temperatures. This demonstrates the usefulness of generalizedensemble techniques in investigations of the mechanism and kinetics of folding. Combining generalized-ensemble results with dynamical Monte Carlo simulations, the present study provide evidence that the concepts of folding that were developed in the past for minimalist models hold also for our peptide when simulated with an all-atom force field.
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